Defects intentionally introduced into magnetic materials often have a profound effect on the physical properties. Specifically tailored neutron spectroscopic experiments can provide detailed information on both the local exchange interactions and the local distances between the magnetic atoms around the defects. This is demonstrated for manganese dimer excitations observed for the magnetically diluted three-and two-dimensional compounds KMn x Zn 1-x F 3 and K 2 Mn x Zn 1-x F 4 , respectively. The resulting local exchange interactions deviate up to 10% from the average, and the local Mn-Mn distances are found to vary stepwise with increasing internal pressure due to the Mn/Zn substitution. Our analysis qualitatively supports the theoretically predicted decay of atomic displacements according to 1/r 2 , 1/r, and constant (for three-, two-, and onedimensional compounds, respectively) where r denotes the distance of the displaced atoms from the defect. PACS numbers: 61.05.fg, 75.30.Et, 78.70.Nx confirmed by INS experiments of the spin-wave dispersion in KMnF 3 [6] and K 2 MnF 4 [7] . The different magnetic dimensionality is also reflected in the elastic properties. Both compounds are ionic crystals, thus the elastic energy is mainly governed by Coulomb interactions (apart from the repulsive potential) depending on the Madelung constant which is a property of the crystal structure.
I. INTRODUCTION
Atoms in perfect crystals are arranged in a periodic lattice. However, perfect crystals do not exist in nature. All crystals have some inherent defects, e.g., vacancies or substitutional atoms due to the limited purity of the material.
Moreover, defects are often intentionally introduced into the crystal in order to manipulate its physical properties. Doping has become an important tool for magnetic materials in the context of high-temperature superconductivity [1] and quantum magnetism [2] as well as for semiconductors to induce ferromagnetism [3] . Defects produce local lattice distortions, i.e., the atoms around the defect are displaced from their crystallographic equilibrium positions. As a consequence, the exchange interactions around the defects deviate from the average exchange.
Experimental information on local exchange interactions and local structures is
important to understand the physical mechanisms of the defect crystals. Some commonly used techniques for local structure determination are listed in Ref. 4 .
From the theoretical side, the defect problem was investigated by Krivoglaz [5] who predicted that the atomic displacements in three-dimensional crystals decay asymptotically as 1/r 2 (r denotes the distance of the displaced atoms from the defect). For defects in two-dimensional crystals the atomic displacements are expected to decrease according to 1/r, and in one-dimensional crystals the atomic displacements do not decrease with increasing distance r at all. The latter was recently verified by an inelastic neutron scattering (INS) study of Mn 2+ dimer excitations in the one-dimensional paramagnetic compound CsMn x Mg 1-x Br 3 [4] , whereas to our knowledge no experimental proofs have been given so far for the three-and two-dimensional cases.
The present work provides experimental evidence for the theoretically predicted 1/r 2 and 1/r laws for KMn x Zn 1-x F 3 and K 2 Mn x Zn 1-x F 4 (x=0.10), respectively, which are three-and two-dimensional magnetic compounds as I4/mmm [12] , but the diffraction pattern showed some extra lines associated with KF excess.
Neutron diffraction and spectroscopy experiments were carried out at the spallation neutron source SINQ at PSI Villigen with use of the instruments HRPT and FOCUS, respectively, in order to determine the temperature dependence of the parameters R and J. Figure 1 shows energy spectra of neutrons scattered from K 2 Mn 0.10 Zn 0.90 F 4 , which are very similar to those obtained for KMn 0.10 Zn 0.90 F 3 [9] . The well defined inelastic peaks can easily be attributed to particular Mn 2+ dimer (D) and trimer (T) transitions with energies given by the subscript zJ. The unresolved shoulder around 0.4 meV is due to the lowest Mn 2+ tetramer transition. The particular multimer nature of all these transitions was confirmed by the characteristic T and Q dependence of the intensities [13] , where Q is the modulus of the scattering vector Q. The transition D 2J corresponds to the singlet-triplet splitting which will be further investigated in the present work. All the results are listed in Tables I and II, from which we derive dJ/dR=α=3. 3(6) meV/Å for KMn 0.10 Zn 0.90 F 3 (using the T=20 K and T=200 K data) and α=2.6(4) meV/Å for K 2 Mn 0.10 Zn 0.90 F 4 (using the T=10 K and T=100 K data).
III. HIGH-RESOLUTION INS EXPERIMENTS
High-resolution INS experiments were performed with use of the time-of-flight spectrometer CNCS [14] at the spallation neutron source SNS at Oak Ridge National Laboratory. The samples were enclosed in Al cylinders (12 mm diameter, 45 mm height) and placed into a He cryostat to achieve temperatures T>2 K. The energy of the incoming neutrons was 1.55 meV, giving rise to an unprecedented energy resolution of Gaussian shape with FWHM=11 μeV at The partial substitution of Zn 2+ ions by 10% Mn 2+ ions results in the statistical creation of Mn 2+ monomers (53.1%), dimers (20.9%), trimers (8.2%), tetramers (2.8%), etc. Ground-state transitions associated with all these multimers were clearly observed in earlier INS experiments [9] . For the present application we focus on the lowest-lying Mn 2+ dimer excitation corresponding to the singlettriplet transition. An energy spectrum observed at T=2 K and shown in Fig. 2 exhibits a remarkable fine structure which could not be observed in earlier INS experiments [8, 9] . A visual inspection of the data suggests that the spectrum corresponds to a superposition of up to seven individual lines of Gaussian shape with almost equidistant energy spacings. We analyzed the data in this manner by a least-squares fitting procedure. The adjustable parameters were a linear background, the positions and the amplitudes of the individual lines as well as an overall linewidth which was kept equal for all lines. The initial positions were set at equidistant energies from 0.73, 0.76, ..., 0.91 meV with initial amplitudes given by the observed intensities at these positions. The least-squares fitting procedure rapidly converged to the results displayed as dashed lines in What is the origin of the presence of seven individual lines? Obvious mechanisms are the single-ion or exchange anisotropies as well as next-nearestneighbor exchange couplings, but all these interactions split the singlet-triplet excitation into three lines at most and therefore cannot explain our findings.
Moreover, the next-nearest-neighbor exchange parameter was reported to be smaller than 1-2 μeV [9] and therefore cannot produce an energy distribution with a total width of about 200 μeV (see Fig. 2 ). Nevertheless, these mechanisms are certainly present and manifest themselves in the overall linewidth with FWHM=27(3) μeV resulting from the least-squares fitting procedure (thereby considerably exceeding the instrumental energy resolution of 11 μeV).
A possible mechanism for the observed fine structure is due to local structural inhomogeneities. More specifically, the statistical substitution of Zn 2+ by Mn 2+ ions exerts some internal pressure, since the ionic radii of the Mn 2+ (high spin) and Zn 2+ ions are different with r Mn =0.83 Å > r Zn =0.74 Å [15] , so that the atomic positions have to rearrange in the vicinity of the dopant Mn 2+ ions. We explain this picture with the help of the local structure of an isolated Mn 2+ dimer as sketched in Fig. 3 . There are n=26 nearest-neighbor positions around the dimer which can be occupied either by Zn 2+ or Mn 2+ ions. The probability for having m Mn 2+ ions at the nearest-neighbor positions is given by
The probabilities p m (x) calculated for the Mn 2+ concentration x=0.10 first increase with increasing m, have a maximum for m=2, and then decrease until p m (x)<1% for m≥7. The probabilities p m (x) are indicated for 0≤m≤6 as vertical bars in Fig. 2 . They are in rather good agreement with the amplitudes of the individual lines with a goodness of fit χ 2 =1.9 [16] , thus there is no need to extend the local structural model beyond the nearest-neighbor positions.
Actually this conclusion is in line with the theoretically predicted 1/r 2 law for atomic displacements around a defect in three-dimensional crystals [5] .
B. K 2 Mn 0.10 Zn 0.90 F 4
According to statistics, the Mn 2+ (10%)/Zn 2+ (90%) substitution gives rise to Mn 2+ monomers (65.6%), dimers (21.3%), trimers (6.4%), tetramers (1.6%), etc. We again focus on the lowest-lying Mn 2+ dimer excitation. Fig. 4 shows the corresponding energy spectrum taken with the same experimental parameters as used for Fig. 2 . The data clearly exhibit some fine structure, although less pronounced than those of Fig. 2 . We treat the data in terms of the local structure around an isolated Mn 2+ dimer as visualized in Fig. 5 . There are n=10 nearestneighbor positions around the dimer. According to Eq. (1), the probabilities p m (x) are smaller than 1% for m≥5, thus we analyzed the data by a superposition of five individual lines of Gaussian shape, similar to the least-squares fitting procedure described in Sec. III.A. The results are shown in Fig. 4(a) . The probabilities p m (x) for 0≤m≤4 are indicated by vertical bars, however, there is no agreement with the amplitudes of the individual lines (goodness of fit χ 2 =36).
We therefore extend our analysis to include in addition the 14 next-nearestneighbors around the isolated Mn 2+ dimer (see Fig. 5 ). In this case we have n=24
in Eq. (1), and probabilities p m (x) up to m=6 have to be considered. The subdivision of the spectrum into seven individual lines resulting from the leastsquares analysis is shown in Fig. 4(b) . Now the agreement between the amplitudes of the individual lines and the corresponding probabilities p m (x) for 0≤m≤6 indicated by vertical bars is drastically improved, with a goodness of fit χ 2 =2.6. The extension of the local structural model beyond the nearest-neighbors is not surprising, since the atomic displacements around a defect in twodimensional crystals are governed by a 1/r law according to theory [5] . is c 33 =64 GPa [10] , which most likely explains the considerably smaller size of ΔR.
IV. DISCUSSION OF RESULTS

All the individual lines shown in
V. CONCLUDING REMARKS
Our analysis of the fine structure of Mn 2+ dimer excitations qualitatively supports the theoretically predicted 1/r 2 and 1/r decay laws of local atomic displacements resulting from substitutional defects in three-and twodimensional crystals, respectively. The agreement between the experimental and the calculated data is remarkably good, in spite of the rather simple statistical model which is governed by the number m of Mn 2+ ions and not by their specific arrangement around the isolated dimer. Obviously the substitution of Zn 2+ ions by Mn 2+ ions creates a local internal pressure whose nature is essentially hydrostatic and which is most likely mediated by the elastic stiffness tensor.
Currently, investigations of quantum spin systems are of increasing interest in the search for exotic ground states. A very informative approach has been to study the modifications of the physical properties induced by the controlled introduction of defects in the materials, whose precise behavior depends on the value of the spin, the anisotropy, the dimensionality of the material, and the strengths and signs of the magnetic couplings [18, 19] . The present work adds important information on the two latter quantities. We have shown that the exchange interaction in doped materials is no longer uniformly distributed, but exhibits marked differences around the defects. Furthermore, the spatial extension of the "distorted" region around the defects strongly increases with lowering the dimensionality of the spin system. In particular, these effects cannot be neglected in studies of doped spin-chain materials like SrCuO 2 [20] and SrCu 2 O 3 [21] with an exchange interaction of the order of J≈200 meV. Even if the magnetic couplings around the defects are modified only by a few percent, these differences match the relevant energy scale at low temperatures and therefore have to be considered in the data analysis. The diffraction experiments were performed with a neutron wavelength λ=1.494
ACKNOWLEDMENT
Å. - (7) - 
Figure Captions
